The Ru vertical rods with different lengths were grown by dc magnetron sputtering under oblique angle deposition with substrate rotation. The deposition rate was 4.1± 0.2 nm/ min and the substrate was near room temperature during the growth. The crystalline structure and morphology of these rods were characterized as a function of time by reflection high energy electron diffraction ͑RHEED͒, scanning electron microscopy ͑SEM͒ and transmission electron microscopy ͑TEM͒. We observed that the rods developed a ͑1010͒ texture and the dispersion angle ⌬ of the texture evolved in a power law relationship with respect to time t before saturation, ⌬ ϳ t p , where p = −0.49± 0.01. Through the analysis of the SEM images, we can correlate the evolution of the dispersion of columns tilt angle to the evolution of the texture axis extracted from RHEED patterns. The power law relationship is consistent with our simulations based on a modified needle model.
I. INTRODUCTION
The preferred crystal orientation ͑texture͒ of a film's growth front is not only an important subject from a practical application point of view but is also of fundamental interest. Very often film surfaces are created under nonequilibrium conditions ͑for example, limited surface diffusion͒ so that the morphology is rough and the crystal orientation is complex. 1 An effective way to control the morphology and texture of films is by oblique angle vapor deposition where the flux arrives at the substrate at an oblique angle with respect to the surface normal. [2] [3] [4] [5] [6] [7] This deposition technique has been shown to be capable of producing films having isolated columnar structure with a crystal orientation that is quite different from that obtained from the normal incidence vapor deposition. Due to the isolated structures, the movement of the grain boundaries, which usually contributes to the formation of the texture in the case of continuous films, is no longer present. The shadowing effect has recently been shown to be an important mechanism that contributes to the texture formation during the oblique angle deposition. 8 To obtain an in-depth understanding of the underlying physics, the characterization of the texture evolution becomes very desirable.
One of the fascinating results observed in these structures during the oblique angle deposition is the scaling laws of roughness, column width, column density, etc. that existed in the morphology evolution processes; and there is a power law relationship between each measured property and deposition time. [9] [10] [11] [12] [13] [14] The self-similar columnar structure resulting from the competitive column growth is believed to contribute to the scaling behaviors. 13, 14 Moreover, the shadowing effects and surface diffusion are found to be very important in controlling the competition among the growth of columns. 9, 10 However, there is very little work in exploring the texture evolution and any possible power law relationship that indicates a scaling behavior, which could lead to a detailed understanding of the shadowing growth during oblique angle deposition.
Conventionally reflection high energy electron diffraction ͑RHEED͒ has been used to monitor molecular beam epitaxy ͑MBE͒ during single crystal growth. 15, 16 Recently, RHEED has been shown as a powerful technique to study polycrystalline film growth. [17] [18] [19] Compared to the conventional x-ray diffraction ͑XRD͒ that penetrates deep ͑microns͒ into the film, RHEED is surface sensitive and is an ideal tool to follow the growth front of texture evolution during various stages of growth. In this work, we applied RHEED to quantitatively analyze the textures of Ru vertical rods and explored the evolution of the texture dispersion at various stages of growth. The texture axes' dispersion angles and their power law relationship with respect to time obtained from RHEED are correlated to the dispersion of the column tilt angle obtained from the scanning electron microscopy ͑SEM͒. Finally a modified needle growth model is applied to explore the power law relationship of the texture dispersion angle in time. Combining the analysis of SEM, transmission electron microscopy ͑TEM͒, and simulations on modified needle models, we explicitly show that under oblique angle deposition the geometrical advantage of the individual columns mainly determines the texture evolution through the shadowing effects. It could be an important complement to the existing theories 9,10 on dynamic evolution process of oblique angle deposition.
II. EXPERIMENT
In our experiment, a dc magnetron sputtering system was used to deposit the Ru vertical rods. Details of the experimental setup have been described elsewhere. 20 The deposition was performed on oxidized p-Si͑100͒ ͑resistivity 12-25 ⍀ cm͒ substrates ͑ϳ2 ϫ 2 cm 2 size͒ using a 99.95% pure Ru cathode ͑diameter ϳ7.6 cm͒. The native oxide on the silicon surface was not removed in the vacuum before deposition. The distance between the substrate and cathode was about 18 cm. During the growth, the substrate was tilted so that the angle between the surface normal of the target and the surface normal of the substrate is ϳ85°. The substrate was attached to a stepper motor and rotated at a speed of 30 rpm for growing vertical rods. The base pressure of ϳ4 ϫ 10 −7 Torr was achieved using a turbo-molecular pump backed by a mechanical pump. In all the sputter deposition experiments, the power was 200 Watts with an ultrapure Ar pressure of 2.0 mTorr. For our experiment, no intentional heating was applied to the substrate and the maximum temperature of the substrate during the deposition was measured by type K thermocouple wires to be ϳ85°C. The film thickness of the vertical columns, measured from a series of SEM cross sectional images, has a linear relationship with respect to the deposition time. This indicates that the growth rate is constant at a value of 4.1± 0.2 nm/ min.
After we fabricated the Ru vertical rods with different deposition times ͑5, 10, 20, 30, 60, 90, and 120 min͒, we loaded the samples into a different vacuum chamber for ex situ RHEED measurements. Each time four samples were mounted on an sample holder. By adjusting an UHV manipulator, we moved the samples sequentially for RHEED measurements. The RHEED gun was operated at 9 kV and 0.25 mA emission current. During the measurements, the vacuum pressure was ϳ3.2ϫ 10 −8 Torr. The Ru rods were also imaged by a field emission SEM ͑FESEM-6330F, Jeol Ltd, Tokyo, Japan͒. The distance between a sample and the objective lens was about 10 mm during the imaging. The accelerating voltage was 5 kV and the current through the tungsten emitter was 12 A.
III. RESULTS AND DATA ANALYSIS

A. RHEED images of texture evolution
Figures 1͑a͒-1͑f͒ show the RHEED images of vertical Ru columns crystalline evolution at various times. After 60 min of deposition, the diffraction patterns are similar, therefore only the pattern at 120 min of deposition is shown. Although the flux was incident from a grazing angle, the initial crystalline orientation was still random as indicated by the diffraction rings in Fig. 1͑a͒ . As the deposition continued, the diffraction ring pattern gradually developed into distributed diffraction arcs. The ratios of the radii of arcs from the inner to the outer arcs, shown in Fig. 1͑e͒ , are, 1:1.15:1.50:1.75:2.01:2.09. The ratios indicate that these arcs are due to diffraction by the ͑1010͒, ͑1011͒, ͑1012͒, ͑1120͒, ͑2020͒, and ͑2021͒ planes. The lattice constant a measured from the diffraction pattern is 2.6± 0.2 Å. The lattice constant c measured is 4.1± 0.2 Å. Both a and c values are consistent with the Ru hexagonal close-packed ͑HCP͒ crystal structure, which are 2.686 and 4.272 Å, respectively. The relatively large error in our measured lattice constant is due to the uncertainty in the measured distance between the samples and the phosphor screen, which is 28.0± 1.6 cm. The diffraction patterns did not show any notable effects from the oxide layer. The reason is that high energy electrons scattered from the rough polycrystalline films give threedimensional ͑3D͒ transmission patterns of the protrusion on the surface. 18, 21 In this case the thin layer of oxide would not contribute much to the diffraction patterns.
The distributed arc patterns are indications of the development of texture. From the patterns, we can see that after a 10 min deposition, the central ͑1010͒ arc becomes brighter and the whole diffraction pattern is symmetric about the ͑1010͒ arc. This represents the formation of the ͑1010͒ outof-plane fiber texture. To obtain more quantitative information of the crystal orientation after a 10 min deposition, in Fig. 2͑a͒ we present the normalized intensities of the ͑1010͒ arcs at different times versus the polar angle . The polar angle is defined as the angle measured from the vertical axis perpendicular to the substrate as shown in Fig. 1͑b͒ . The process of the background subtraction and intensity normalization was described in detail in the work of Drotar et al. 17 In short, first the background intensity is subtracted from the intensity on the ring. Next, the ring intensity, after background subtraction, is divided by the background intensity. This last step is necessary, because the diffraction intensity is attenuated, due to multiple scattering effects, by an amount that depends on the distance from shadow edge. From the curves, we can see that at longer time depositions, the width of the diffraction peaks becomes narrower. In Fig. 2͑b͒ , we plot the dispersion angle of the texture axis, ⌬, extracted from the Gaussian fits of the profiles shown in Fig. 2͑a͒ , as a function of deposition time t. The dispersion angle is defined as the FWHM of the diffraction peak. Physically, this angle represents the angular distribution of the direction of the ͑1010͒ plane of the crystallites comprising the columns. From the figure we can see that the dispersion angle decreases rapidly in the early stage and stabilizes at ϳ16.5°a fter 60 min. In the inset of Fig. 2͑b͒ , we convert the ⌬ vs t plot to the log-log scale. The plot shows that before the saturation, the dispersion behavior can be described by a power law relationship very well, with an exponent p value of −0.49± 0.01. This indicates that the texture dispersion angle has a scaling behavior. The competition among the growth of columns is usually believed to result in these kinds of relations. More detailed analysis is presented later in the discussion section.
B. SEM images of columns
In addition to the characterization of crystalline structure, we also used SEM to study the morphologies of the deposited films, in which the competition of columnar growth is visible in real space. Figures 3͑a͒ and 3͑b͒ show the top view and cross-section view of SEM images of the vertical Ru columns deposited at 120 min, respectively. The top of the vertical columns has a pyramidal shape with four facets, which indicates that an individual column has a single crystal structure. The single crystal structure of the individual columns was confirmed by TEM selected area electron diffraction ͑SAED͒ ͑not shown here͒. 20, 22 From Fig. 3͑b͒ , it is clear that column-growth competition occurs during deposition. The growth of some columns persists, while for others it is terminated. From the RHEED analysis, we know that these columns have a vertical direction of the ͑1010͒ orientation with an angular distribution. Also, most of the column tips have asymmetrically tilted planes. We selected a typical column in Fig. 3͑b͒ and measured the tilt angles to be ϳ57°and ϳ39°from the plane of the substrate. These are close to the angle between two ͑1010͒ planes ͑60°͒ and the angle between the ͑1010͒ and ͑1011͒ planes ͑29°͒, respectively. Therefore we propose an identification of the facets as shown in Fig. 3͑a͒ , where opposite faces of the column belong to the same family of crystalline planes. The ͑1010͒ and ͑1011͒ crystalline planes are two families having low surface energy in the HCP structure, which usually appear in the equilibrium crystal shape or during the kinetic growth. 23 Since each column can have a different azimuthal orientation in the plane of substrate, the facet planes of the column tips would not display exactly the same tilt angles as shown in Fig. 3͑b͒ and the actual angles of the two planes range between the two predicted angles. This proposed symmetric distribution of planes would be important to ensure that the average flux received by the columns is perpendicular to the substrate under a uniform substrate rotation, which is why the column growth is approximately vertical. In Fig. 3͑b͒ instead of showing all SEM images at various deposition times only the image for 120 min deposition is shown as an example. All other thicknesses corresponding to various deposition times obtained from individual SEM images are labeled by horizontal arrows shown in Fig. 3͑b͒ . 
IV. DISCUSSION
To understand the texture evolution process, we compare the RHEED results with the SEM cross-sectional image of vertical columns at 120 min shown in Fig. 3͑b͒ . While the cross section of the SEM image clearly shows the competitive growth among columns, this competitive growth does not necessarily reveal the crystalline evolution. Based on our SEM analysis and TEM image, each column has a single crystal structure. Since every column has its own crystalline orientation, the texture evolution will be related to the growth competition among columns.
In the SEM cross-sectional images, the vertical columns have a similar shape, which means that they have the same crystalline orientation ͑1010͒ along the column axis. However, the column axes are not all exactly parallel to each other. Especially in the early stages of deposition ͑various times were labeled in the cross-sectional image͒, tilted columns were noticeably observed before ϳ60 min. So the dispersion of the texture axis can be naturally related to the dispersion angle of the columns' tilt angles. The inset of Fig.  3͑b͒ shows a schematic of the dispersion of the ͑1010͒ crystalline directions, which corresponds to the dispersion of columns. For the columns having large tilt angles, the growth directions would significantly deviate from the substrate normal, and therefore decrease their vertical growth rates and eventually stop growing. In the SEM image, some vertical columns are also shown to be terminated. This could be due to the fact that those columns are actually tilted out from the view of the cross section. As the thickness increases, the competitive growth results in a reduction of the column dispersion angle. This behavior is qualitatively consistent with the decrease of the texture dispersion angle observed from the RHEED patterns. After ϳ60 min, most of the tilt angles of the surviving columns are confined within a small range. This represents the saturation in the texture dispersion angle. The nonzero saturation of the dispersion angle could be due to the fluctuations during the incoming flux during the growing process. In this case, the average flux received by the individual column was not exactly vertical to the substrate, but distributed in a range around the substrate normal.
Due to the high magnification plane view of the SEM cross section, we do not have a large population of columns to perform a statistical analysis, which would give a quantitative measure of the column dispersion angle with respect to the thickness. Here we use a modified needle growth model 11, 24 to monitor the surviving columns during the growth and argue that the observed power law relationship in texture evolution can be related to the evolution of the column dispersion angle. The needle model has been successfully applied to study the scaling behavior in the evolution of column density, height distribution, etc. during the oblique angle deposition. We modify this model to study the evolution of the column dispersion angles, in which an individual column is represented by a vertical or a tilted line. Figure 4 shows a schematic of this one-dimensional growth model. In the simulation, every column has its own lattice, so the column can tilt continuously in space and grows the same distance in every step. The periodic boundary condition is applied to remove the edge effects. To mimic a uniform substrate rotation, the vapor fluxes come from both the left and right sides. The growth of columns is assumed to be independent except when shadowing occurs. Since the flux comes from both sides, the column can be shadowed just from the left side ͑for example, column A͒ or the right side. If both sides are shadowed ͑for example, column B͒, the corresponding column stops growing. When two columns meet each other during the growth, the column having a larger tilt angle ceases its growth due to its lower vertical growth rate ͑for example, column C͒. Therefore, the crossing of columns is avoided. For the columns that remain unshadowed, growth continues along their initial direction with a constant growth rate V. This assumption of constant growth rate is consistent with the constant growth rate experimentally observed. The partially shadowed columns grow with a slower rate of half of V and eventually get eliminated. In order to obtain good statistical results, a large number ͑3000͒ of nucleation sites at regularly spaced points were chosen in each simulation. The initial dispersion angles were chosen to have a Gaussian distribution. The data reported below were averaged from three independent simulations. For each growth cycle, we first calculated the shadowing states of columns. Instead of randomly sending one atom for growth, we let all the surviving ones grow two lattice points ͑unshad-owed͒ or one lattice point ͑partially shadowed͒ more for each step. This process was repeated until only the columns having nearly vertical orientations were left.
In Fig. 5͑a͒ , a side view of simulated growth with a vapor incident angle at 75°is shown ͑only limited range in the horizontal-axis is displayed͒. We can see that those columns having large tilt angles would be shadowed during the growth due to the lower vertical growth rates. In the lower part of Fig. 5͑b͒ , we show that the dispersion angle of survived columns versus the deposition time in the log-log scale for various vapor incident angles of 65°, 75°and 85°with an initial dispersion angle ⌬ 0 of ϳ41°. The dispersion angles were normalized to ⌬ 0 and shifted in the y axis for clarity. From the curves, we can see that as the incident angle increases, the dispersion angle decreases a little faster after the initial stages ͑initial three to four data points͒ of growth and before the linear regime. This is due to the fact that the large tilted columns would be shadowed more efficiently under a larger vapor incident angle. However, if we fit the linear range of the curves that cover a long deposition time, the lines are closely parallel to each other. The exponent p changed slightly from −0.42± 0.02͑ =85°͒ to −0.48± 0.01͑ =65°͒. To mimic the different initial conditions, we also simulated the normalized dispersion angle for different initial dispersion angles ⌬ 0 at 24°, 41°and 65°w ith a fixed vapor incident angle = 75°, shown in the upper part of Fig. 5͑b͒ . For the larger ⌬ 0 , there are more columns being shadowed due to their larger tilt angles. But the exponents p fitted from linear regions of these curves just varies slightly from −0.44± 0.02͑⌬ 0 =24°͒ to −0.47± 0.01͑⌬ 0 =65°͒. These simulated exponent values are close to the experimental value of −0.49 obtained from the RHEED patterns.
The exponent of the power law is ϳ−0.5 and almost independent of the initial simulation conditions. This value can be explained from a geometrical consideration. During the growth, the vertical rods will grow faster. To simplify the shadowing effects, we can consider that the tilted rods are shadowed only from the nearest vertical rods during the growth. Under the assumption that all the unshadowed columns will grow in their direction with a constant rate, through geometrical consideration the vertical growth rate of the columns with tilting angle ␤ will be ϳcos͑␤͒. If ␤ is small, then this rate will be ϳ1−␤ 2 / 2; and the difference of the vertical growth rates between the vertical and slanted rods will be ϳ␤ 2 / 2. Therefore, after growth time t the developed vertical height difference is ϳt␤ 2 / 2. If this difference is larger than a certain ⌬h, then the slanted rod will be shadowed. The value of ⌬h is determined by the distance d between two columns and the vapor incident angle and is equal to d cot͑͒. So the survived columns should satisfy the condition t␤ 2 /2Ͻ⌬h. Then the tilted angle ␤ of the survived rod at the growth time t has to be smaller than ͑2⌬h͒ 0.5 t −0.5 . By this argument, the angular range of the survived columns will reduce during the growth and the value of the exponent of the dispersion angle evolution would be expected to be close to −0.5.
V. CONCLUSION
In this paper, we presented a detailed study of texture evolution during oblique angle deposition of Ru. It is shown that a strong ͑1010͒ texture normal to the substrate develops as a function of rod lengths unlike the previously observed ͑0001͒ orientation of conventional Ru films grown by normal incidence deposition. The dispersion angle of the texture axis was observed to evolve in a power law relationship with respect to the deposition time,
, before the saturation at a deposition time of ϳ60 min. By comparing RHEED patterns with SEM images and considering the single crystal nature of the individual columns, we argued that the dispersion of the texture axis is naturally related to the dispersion angle of the columns. Through a modified needle growth model we first explicitly correlate the geometrical advantage of the individual columns quantitatively to the texture evolution through the shadowing effects under oblique angle deposition, in which we consider the difference of vertical growth rates between columns having different tilt angles. We found a power law relationship of ⌬ ϳ t p in the simulation. The exponent p ranges from ϳ−0.42 to ϳ−0.48, which is consistent with our experimental value of −0.49. The almost independence of the exponent value on the initial simulation conditions may indicate a universal scaling behavior. We also demonstrate that RHEED is a very powerful tool to follow the surface texture. It has potential to characterize the texture in real time, therefore to quantitatively study shadowing effects in real time.
Future work remains to experimentally determine the effects of the deposition angle and substrate rotation speed, at similar deposition rates, on the texture orientation and the formation of the facets. Such investigations are underway and will be published elsewhere.
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